Nuclear structural material austenitic stainless steel 316L is a polycrystalline composed of single crystals with a face-centered cubic (FCC) structure, and the intergranular stress corrosion cracking (IGSCC) is closely related to the crystal orientation. A constitutive model is presented to assess the elastic response of anisotropic behavior of single crystals in 316L in this study. With a bicrystal model built by the finite element method, the effects of crystal orientation and grain boundary (GB) inclination on the stress state nearby a symmetric tilt GB were discussed under the constant-displacement condition. e results indicate that when tensile axes are perpendicular to the GB, the stress and strain are equal at the GB and inside the grain, and the crystal misorientation has little effects on the stress and strain distribution. If the GB is not perpendicular to the load direction, the GB inclination angle will change the equivalent elastic modulus along the load direction and result in a larger stress in the grain with larger equivalent elastic modulus, but the stress tends to be equal inside the two grains. e grain size effects verification shows that the conclusions are independent of grain size.
Introduction
Internal structures and pipes in nuclear power plants (NPPs) are mainly made of austenitic stainless steels because of their good mechanical properties and resistance to corrosion, the degradations of these properties are observed under hightemperature, high-pressure, and neutron irradiation circumstances, and the intergranular stress corrosion cracking (IGSCC) is one of them [1] [2] [3] , which seriously threatens the safety of NPPs.
e IGSCC problems encountered with austenitic alloys in the nuclear industry motivated researchers to develop predictive models for IGSCC as a longstanding goal [4] [5] [6] . Besides the applied stress and corrosive environments, it has been widely observed that, for austenitic stainless steels, the susceptibility to IGSCC is significantly affected by the microstructure; particularly, it is determined by the crystallography of the grain boundaries (GBs) [7] [8] [9] . erefore, it is imperative that local behavior nearby GBs be identified in predicting the intergranular degradation.
e coincidence site lattice (CSL) model based upon Brandon's criterion, which assumes that certain deviations from the exact CSL misorientation could be accommodated by arrays of dislocations, is widely employed to describe grain boundary character distribution (GBCD). According to this model, low-CSL boundaries (CSLBs, � 1-29) were classified as "special," which are deviated from "random" or "general" high-angle boundaries (HABs) according to their exhibit properties (low interfacial energy and highly anisotropic interfacial energy), where denotes the reciprocal density of coincident sites at the GB between two adjoining grains. Many researches have concluded that low-CSLBs, including low-angle boundaries (LABs, or 1), are more resistant to IGSCC and other degradations such as cavitation, sensitization, and fracture [7, [10] [11] [12] [13] . Researches have attributed the reason to the low boundary energies resulting in less impurity segregation, higher resistance to oxidation, and crack nucleation and propagation. Until recently, grain boundary engineering (GBE) studies for austenitic stainless steels have been performed to optimize the GBCD by improving the fraction of "special'' GBs and reducing the random boundaries [14] [15] [16] [17] [18] [19] . e IGSCC of 316L stainless steels and nickel-based alloy 690 in supercritical water was considerably reduced by the GBE based on the GBCD control increasing fraction of LABs and 3 CSLBs [17] .
Unfortunately, not all the special GBs seem immune to IGSCC. Misorientations of the cracked LABs with 12.8°, 12.5°, 13.0°, and 14.0°in alloy 600, 8.0°in the 304 steel sample, and 10.7°in the 316 steel sample were observed [13] . Only except 3 of the special GBs, the 9 and 27 were also found to crack in a thermally sensitized type 304 austenitic steel in simulated pressurized water reactor environments [13] , while 10% of the cracked boundaries were 3 in IGSCC during an in situ SCC experiment on a thermally sensitized type 304 stainless steel, tested in acidified potassium tetrathionate solution [20] . Moreover, contradictory results were observed that the best resistance to sensitization was of the deformed AISI 304L (by more than 80%) specimens, which have the lowest CSL fraction or the highest random boundaries, and suggested that extreme randomization of grain boundaries could be an alternative to achieve sensitization-resistant stainless steel [14, 21] .
On account of IGSCC observed in both low-CSLBs and high-CSLBs, the environmental conditions and applied stress could also promote crack propagation together with the GB types and crystal orientation. So only acquiring the GB statistical characteristics and optimizing the GBCD are not enough to understanding the mechanism of IGSCC, and the stress and strain state nearby individual GBs should also be considered [22] . On performing the experiment on the pure copper bicrystals with a symmetrical 111-tilt boundary by the slow strain rate technique (SSRT) in 1M NaNO 2 solutions, it was found that smallangle tilt bicrystals fractured in a transgranular and intergranular manner, while large-angle bicrystals with misorientation larger than 20°fractured in an intergranular manner. e susceptibility to IGSCC appears to depend on the misorientation rather than the GB energy.
e local stress concentration at HABs could be attributed to the high susceptibility to the IGSCC [23] .
Considering the typicality of boundaries in real alloys, the IGSCC in single GBs in a 304 stainless steel was generated and monitored by using cantilevers manufactured by the focused ion beam (FIB) and tested by nanoindentation, which was expected to provide a more accurate method of measuring the crack growth and investigate the dependence of SCC resistance of single GBs on GB character and composition [24] . Despite the method with FIB enables researches to investigate the IGSCC in single GBs [24] [25] [26] [27] , it is difficult to manufacture specific single grain boundaries with respect to the irregularity of GBs and accurately measure the stress and strain distribution nearby GBs. us, the elastic response of anisotropic behaviors of the austenitic stainless steel crystal was presented by a constitutive model, and the effects of crystal orientation on the stress state near the GB were studied by the finite element method [28] . In this paper, a three-dimensional anisotropic finite element analysis, which focuses on the bicrystal with a symmetric tilt GB, is performed to obtain how crystal orientation and grain boundary inclination affect the stress state nearby the GB of the bicrystal.
Crystallographic Constitutive Model
Austenitic stainless steels 316L is a polycrystalline material composed of single crystals with a face-centered cubic (FCC) structure. e elastic stress and strain relationship of single crystals is described by generalized Hooke's law:
where σ and ε denote the stress tensor and strain tensor, respectively, and D is the stiffness matrix, defined as follows:
where d ij (i, j � 1, 2, · · · , 6) is the elastic constant with
e elastic modulus E, Poisson's ratio μ, and shear modulus G in the three main axes <100> of the single crystal material with FCC could be calculated as
e elastic modulus of the single crystal in <110> and <111> crystal orientations can be described as
,
In a polycrystalline material, the crystal coordinate and global coordinate are always different, and the stress and strain should be recalculated with the rotation stiffness matrix D xyz :
where A is the rotation matrix, defined as follows:
where l i , m i , and n i (i, j � 1, 2, · · · , 6) are the direction cosines between the crystal coordinate and global coordinate. [29] . By substituting elastic constants into (3) ∼ (7), the elastic model E, shear modulus G, and Poisson's ratio μ are 94.06 GPa, 126.2 GPa, and 0.402, respectively. e elastic modulus along <110> and <111> orientations is 193.81 GPa and 299.77 GPa, respectively. For FCC single crystals, the highest elastic stiffness is along the <111> orientations, the lowest stiffness is along the <100> orientations, and E 111 > E 110 > E 100 � E could be acquired, as shown in Figure 1 .
Finite Element Model
In order to gain a deeper understanding of GBs characterization, a bicrystal with a symmetric tilt GB is involved. As shown in Figure 2 , it is assumed that the two adjacent grains (grains A and B) have the same orientation with the [001] direction coincidence to the 3-axis of the global coordinate initially, or the (001) plane of the crystal parallel to the 1-2 plane in the global coordinate. By rotating the two adjacent grains (grains A and B) around the [001] direction with ±θ/2, respectively, the angle between GB and [010] direction of each grain is θ/2; thus, a symmetric tilt GB with crystal misorientation equal to θ is formed, and the angle α between 1-axis and GB normal is defined as the GB inclination angle, which is in the range of [0°, 90°]. φ A and φ B are the angles between [110] orientation and 1-axis for grain A and grain B, respectively. e orientation of each grain is defined in the FEM by rotating the material coordinates.
Geometry Model and Boundary
Condition. Two types of GB are modelled in bicrystals; the type I GB shown in Figure 3 is perpendicular to tensile axes, and the type II GB has a GB inclination angle α in the range of [0°, 90°], as shown in Figure 4 . Influenced by aging time, temperature, and other factors, the average grain size of 316L stainless steels varies from 17 μm to 200 μm in the literature [19, 30] ; thus, the dimension of each component grain is assumed to be 20 μm × 20 μm × 50 μm arbitrarily.
e surface perpendicular to 1-axis of grain A is fixed initially, followed by setting constant displacement U 1 equal to 0.5 μm along 1-axis applied on the right surface of grain B, and this causes a total strain of 0.5% along 1-axis for the whole bicrystal.
Mesh Model.
e calculation scale and calculation accuracy are the main factors concerned when establishing the finite element model in this simulation. It is known that a dense mesh acquired by increasing the mesh numbers can better reflect the data change gradient and improve the calculation accuracy; however, it will also increase the calculation scale simultaneously.
is study focuses on the stress distribution nearby the GB; thus, a fine meshing was carried out at GBs to acquire more accurate stress and strain. To balance the calculation scale and calculation accuracy when meshing, a trial calculation with a coarse mesh was carried out arbitrarily to acquire a short calculation time, and then a more elaborate mesh was taken. If there is only a Advances in Materials Science and Engineering 3 small calculation error with a larger increase of the mesh number, then the initial mesh should be selected. If the calculation error is larger, then a more finer meshing should be done again until a small calculation error is achieved. As shown in Figure 5 , the model is partitioned to a narrow region near the GB and a remote region from the GB to apply the seed strategy. e width of the narrow region is 2 μm at both sides of the GB, and a finer mesh will be controlled in this region to acquire an accurate data change gradient. e seeds, which are placed along the edges of a region to specify the target mesh density in that region, are specified in this simulation to control mesh numbers and mesh density, and the seed strategies are listed in Table 1 ; it can be seen that strategy 2 has a more dense seed density than strategy 1. In the two strategies, edge list 1 contains the edges parallel to 1-axis in the narrow region near the GB, edge list 2 contains the edges parallel to 1-axis in the remote region from the GB, and the edges in edge list 3 are parallel to the edges of the cross section. To avoid inappropriate distortion of elements when calculating, the aspect ratio, which is the ratio between the longest and shortest edge of an element, is defined to verify the mesh quality, and it is in the limits of 10 for the hexahedral element [31] . e aspect ratios of the two seed strategies, which are 5 and 8, respectively, meet the criteria. e models are meshed using an 8-node linear brick C3D8 element by the structured meshing technique finally.
To compare the calculation error of the two strategies, two measuring paths are defined in Figure 6 , where path 1 penetrates the GB from grain A to grain B and path 2 locates at the GB. e relative error of Mises stress calculated by the two strategies along path 1 and path 2 is shown in Figure 7 ; it can be seen that the relative errors are less than 0.1‰ even with the total mesh number increase of 46.9%, and the calculation accuracy improvement effect is extremely tiny by increasing the mesh density; thus, it is not necessary to improve the mesh density further, and strategy 2 with a more dense mesh was selected in the simulation due to the acceptable time consumption.
Results and Discussion

Stress and Strain Distribution of a Single Crystal Beam.
If the GB inclination angle α � 0°and crystal misorientation θ � 0°, the two adjacent grains have the same orientation and result in a single crystal material; the simulation model in Figure 3 finally reduces to a single crystal beam with the load direction, <100> orientation, and 1-axis parallel to each other. With the fixed-end constraint on the left and a displacement applied on the right end, the Mises stress distribution of a single crystal beam is shown in Figure 8 . It can be seen that, along path 1, the Mises stress impulses from 185 MPa to 547 MPa and then decreases to a stable value about 477 MPa when x > −25 μm. According to the stress distribution on the cross section, it can be seen that, on the fixed end with x � −25 μm, the outer contour has a larger Mises stress than the inner contour, and the ratio of the maximum value at the corners and minimum value in the center is about 3.6. With the increase of the x value, the Mises stress distribution on the cross section changes and leads to the ratio of Mises stress at the corner and center on the cross section equal to 1, with respect to the uniform distribution of Mises stress on the cross section. e Mises stress distribution shown in Figure 8 demonstrates the Advances in Materials Science and Engineeringuniaxial tensile elastic response of a beam with the fixed-end constraint, that the stress concentration exists at the fixed end, and that the stress tends to uniform distribution far from the fixed end. As the model is simplified as a single crystal beam, the strain could be calculated according to (1) , and the strain distribution is neglected due to the same distribution tendency with stress.
Bicrystals with Type I GB.
For bicrystals with type I GB, the GB inclination angle α is equal to 0. e misorientation of LABs is below 10°; thus, θ is in the range of 0°∼10°for a symmetric tilt GB. If θ is equal to 0°, the two adjacent grains have the same orientation and result in a single crystal material. To study the stress state caused by misorientations between grain A and grain B, a stress scale factor λ is introduced to normalize the stress as follows:
λ � actual stress reference stress ,
where the actual stress and reference stress are observed along path 1 and path 2, as shown in Figure 6 . e reference stress is acquired when θ equals 0°. e average value and standard deviation of Mises stress scale factors within 10 μm of the GB along path 1 with different grain misorientations are shown in Figure 9 ; the standard deviation is very small, which indicates that the Mises stress is almost equivalent inside both grains and on the GB at a certain crystal orientation; this could be explained by the symmetric orientations of two grains with respect to the GB, which leads to the same equivalent elastic modulus E equ of two grains along 1-axis, and thus, the equivalent stress could be observed with constant displacement. Even with the same equivalent elastic modulus E equ , the stress distribution on both sides of the GB is asymmetric and inconsistent, and a slight difference exists 6 Advances in Materials Science and Engineering due to the bicrystal beam having a fixed-end constraint, which will lead to the stress inconsistency even in a single crystal material, as shown in Figure 8 ; the standard deviation interprets the stress inconsistency caused by the asymmetric boundary conditions and load conditions. e Mises stress scale factor increases with the increase of crystal misorientation, accompanied by an increase in the gradient, which denotes a higher Mises stress inside the bicrystal with a larger crystal misorientation. Considering the anisotropy of single crystals, E 110 >E 100 , and the stress is larger in <110> orientation than <100> orientation with the same displacement load applied along the crystal orientation. An equivalent elastic modulus E equ along the load direction can be calculated if the load direction is between <110> and <100> directions, and there is E 110 > E equ > E 100 . A larger equivalent elastic modulus along the load direction can be acquired if the angle between tensile axes and [110] orientation is small. e increase of θ will reduce the angle between [110] orientation and load direction and lead to the increase of equivalent elastic modulus along the load direction. Finally, the stress is larger in bicrystals with larger crystal misorientations under the same strain state according to (1) . Let ε xA and ε xB represent the average strain ε x of component grains A and B along path 1, and let ε xA and ε xB represent the average strain of all elements along path 2 on the GB in component grains A and B, respectively. e deformation nearby the GB of bicrystals shown in Figure 10 illustrates that the strain on the GB of each grain is equal; this could be induced by the equal equivalent elastic modulus and stress applied nearby the GB. e average strain of grain B is slightly larger than that of grain A; this may be caused by the asymmetric boundary condition and load applied. By increasing the crystal misorientation, the strain at the GB increases a little, along with a slight increase and decrease of average strain in grain A and grain B, respectively.
Note that when θ changes from 0°to 10°, the stress scale factor is no more than 1.016 in Figure 9 , and the strain changes are also very small in Figure 10 , which indicates that the crystal misorientation has little effects on the distribution of stress and strain in bicrystals with type I symmetric tilt GB.
Bicrystals with Type II GB.
Assuming the crystal misorientation equal to 10°, the stress and strain distribution in bicrystals with type II GB was calculated. When the GB inclination angle α � 0°, the GB is perpendicular to tensile axes, and the type II GB will change to type I GB; thus, the stress calculated at θ � 10°and α � 0°is used in (7) as reference stress in the following. Figures 11 and 12 illustrate the stress scale factor within 25 μm of the GB and on the GB, respectively. When the GB inclination angle is equal to 15°, the stress scale factors are greater than 1 along path 1, which indicates that the stress increases inside the grains and on the grains with a tilt GB.
e stress is higher in grain B than in grain A near the GB, but the stress differences reduce and tend to equal far away from the GB in both grains. e stress scale factor has the similar variation with GB inclination angle equal to 30°. In spite of a higher stress scale factor appearing when GB inclination angle is equal to 45°, the stress difference at the GB decreases. When the GB inclination angle increases from 45°to 75°, an opposite stress distribution in grain A and grain B is obtained. To understand this phenomenon, equations (8) and (9) are evolved according to Figure 2 , as follows:
where φ A and φ B are the angles between [110] orientation and 1-axis for grain A and grain B, respectively. e angles between tensile axes and [110] orientation for grain A and grain B with different GB inclination angles are listed in Table 2 , which illustrates that when GB inclination angle increases to 15°or 30°, φ decreases in both grains and Advances in Materials Science and Engineeringφ B > φ A . is causes the equivalent elastic modulus E equ of grain A and grain B to increase, and a larger equivalent elastic modulus occurs in grain B than in grain A. Finally, the stress of grain B is greater than that of grain A, and the stress scale factor increases when GB inclination angle increases to 15°or 30°. When the GB inclination angle increases to 45°, it results in |φ A | � |φ B | � 5°, and thus, the adjacent two grains have the same equivalent elastic modulus and lead to the same stress in two grains.
e stress scale factor shows a decrease when GB inclination angle increases form 45°to 75°, and this is also caused by the decrease of angle between tensile axes and [110] orientation. Contrary to the stress at the GB with 0°< α < 45°, the stress of grain A is higher than that of grain B. Comparing the stress scale factor at α � 15°and α � 75°, or α � 30°and α � 60°, opposite distribution of stress scale factor could be found along path 1; this is induced by the exchange of angle between tensile axes and [110] orientation for grain A and grain B. When GB inclination angle increases to 90°, the GB plane is parallel to the tensile axes, and the stress scale factor is approximately equal to 1.
e average strain along path 1 and the strain on the GB of each grain are shown in Figure 13 . e average strain ε xA equals to ε xB for two grains when α � 45°; this is because they have the same angle between tensile axes and [110] orientation. e average strain of grain A is larger than that of grain B when α < 45°, and the opposite results can be obtained with α > 45°. e strain of grain A is larger than that of grain B at the GB with α � 15°. e strain in both grains at the GB decreases with the increase of GB inclination angle and decreases gradually to 0 at α approximately equal to 60°. e strain will reduce to negative values if α increases continuously. e strain changes from positive to negative, which denotes that the strain state of the grain changes from tensile to compression in the load direction. And now, the strain of grain B is larger than that of grain A.
Grain Size Independence Test.
It is arbitrarily assumed that each component grain is 20 μm × 20 μm × 50 μm in this simulation, and thus, another verification simulation, with a bigger geometric size of each component grain equal to 40 μm × 40 μm × 100 μm, was carried out to discuss the grain size effects on the simulation results. e verification model has the same material model, mesh strategy, and boundary conditions. In order to model an identical loading condition of a total strain equal to 0.5% along 1-axis for the whole bicrystal, a constant displacement U 1 equal to 1 μm was also applied on the right surface of grain B along 1-axis. e effects of the grain size are shown in Figure 14 , in which the Mises stress differences were observed along path 1 and path 2 defined in Figure 6 . It can be seen that, with different grain sizes, the relative differences of Mises stress within 10 μm on both sides of the GB are smaller than 0.6‰, and the relative differences on normalized distance along path 2 are also smaller than 2‰. us, it is concluded that the calculation results in this study are independent of grain size.
Conclusions
A constitutive model has been presented to assess the elastic response of anisotropic behavior of single crystals in 8 Advances in Materials Science and Engineering austenitic stainless steel 316L. e FEM has been used to determine how the crystal orientation and GB inclination affect the stress state nearby the symmetric tilt GB. e results indicate that the stress and strain are equal at the GB and inside the grain, and the crystal misorientation of the symmetric tilt GB has little effects on the stress and strain distribution when tensile axes are perpendicular to the GB. For bicrystals with the GB not perpendicular to the load direction, the change of GB inclination angle will change the equivalent elastic modulus along the load direction and lead to the stress and strain inhomogeneity at the GB. e stress is larger on the side which has larger equivalent elastic modulus, but the stress tends to be equal inside the two grains. Even with the GB inclination to tensile axes, the stress at the boundary or inside the grain may have the same value if it leads to the same equivalent elastic modulus at both sides. us, it could be concluded that the stress distribution of bicrystals composed by anisotropic single crystals is affected by crystal orientation and GB inclination simultaneously, and the results are independent of grain size.
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